This paper reports the development of a model for simulating polymer electrolyte fuel cells (PEFCs) with non-precious metal catalyst (NPMC) cathodes. NPMCs present an opportunity to dramatically reduce the cost of PEFC electrodes by removing the costly Pt catalyst. To address the significant transport losses in thick NPMC cathodes (ca. >60 µm), we developed a hierarchical electrode model that resolves the unique structure of the NPMCs we studied. A unique feature of the approach is the integration of the model with morphology data extracted from nano-scale resolution X-ray computed tomography (nano-CT) imaging of the electrodes. A notable finding is the impact of the liquid water accumulation in the electrode and the significant performance improvement possible if electrode flooding is mitigated.
Introduction
PEFCs are a promising energy conversion technology for a wide variety of transportation, portable, and stationary applications. State-of-the-art PEFCs rely on platinum and platinum-alloy catalyst nano-particles supported on high surface area carbon black. Unfortunately, current and projected Pt loadings incur significant costs due to the Pt raw material because high Pt loadings are required to facilitate the oxygen reduction reaction (ORR) at the cathode. Thus, there is significant interest in developing NPMCs for the ORR in low temperature, acidic fuel cells. Such catalysts are historically challenged by a combination of low activity and instability, but there has been notable progress made by several groups in recent years (1, 2). However, in order to achieve adequate current density, thick electrodes are needed to provide sufficient active sites. Unfortunately, increasing electrode thickness yields increased transport losses for both oxygen and protons. Thus, there is an important need for optimized electrode architectures for thick NPMC electrodes.
As Figure 1 illustrates, this work focuses on the optimization of NPMC electrode architectures using a generalized model with morphological parameter inputs from nano-CT imaging and analysis (3) . The model is a complete cell, continuum model that includes an agglomerate model (4, 5) representation of the cathode electrode. The particular electrodes being studied feature two-distinct length scales of interest to this model. First, there is a dense active region that consists of the primary NPMC particles and the interspersed mesopores and smaller macropores (<500 nm). Here we term these pores within the support as 'micropores'. Second, at a larger length scale there are distinct volumes of dense regions surrounded by large macopores (500 nm -10 µm), which we here refer to as the 'macropores'.
The cathode is modeled using an agglomerate model approach where the high resolution imaging of the dense regions is used to define the internal morphology and transport properties of agglomerates. Likewise, the large field of view imaging is used to define the outer morphology of the dense region, including effective agglomerate and pore diameter distributions (5) . The effective transport properties for the representative elementary volume models are extracted from pore-scale finite-element simulations. Figure 1 . Scheme of the hierarchical electrode model. The macro-structure of the large pores and dense domains are imaged with a large field of view scan, while the morphology of the internal structure, of denser porous solid domains are imaged by a high resolution scans. The characteristics extracted from the scans are implemented into an agglomerate model used for representative elementary volume modeling.
In this paper we present an overview of the model development and highlight the modeling contributions specific to utilizing nano-CT data and modeling NPMC cathodes. Our objective is to convey our current approach and note areas in need of development for modeling NPMC cathodes. The goal of this paper is not to provide a detailed description of the model, although for details we provide references with details on separate components of the model. In addition, the paper highlights the current results generated by the model at this stage of development, but it is not meant to be a comprehensive analysis.
Experimental

NPMC Cathode Preparation
The electrode imaged in this study was prepared at Los Alamos National Laboratory. The particular catalyst imaged here was prepared using a carbon black support, multiple nitrogen precursors (cyanamide and polyaniline), and an iron precursor salt. After in-situ polymerization, the high surface area catalyst (~1600 m 2 /g) is formed through high temperature heat treatments and acid leaching steps. Then the prepared catalyst is mixed with Nafion ionomer solution and solvents and painted onto Nafion membranes so as to fabricate NPMC cathode for PEM fuel cells.
Nano-CT Imaging
Samples of the NPMC electrodes were prepared for nano-CT imaging by hand cutting triangular samples from the membrane electrode assembly using new, microscopy grade razor blades. The cutting of a narrow triangular tip is needed in order to prepare a sample volume that remains entirely within the nano-CT field of view during the sample rotations of the CT scan. The sample was epoxied to the tip of a metal pin such that the fine tip of the triangular sample pointed away from the pin and no epoxy coated or embedded within the tip of the sample.
As Figure 1 illustrates, the NPMC electrodes were characterized by nano-CT (UltraXRM-L200, Xradia Inc., Pleasanton, CA) at Carnegie Mellon (www.cmu.edu/me/xctf/) at two resolution levels. A large field of view (FOV = 65 µm, 150 nm resolution, 65 nm voxels) mode image provides the macropore morphology and the outer structure of the large, dense, agglomerate-like, regions. A high resolution scan (FOV = 16 µm, 50 nm resolution, 16 nm voxels) provides the morphology within the dense regions, including the micropore morphology. At both resolutions, the electrodes were imaged using Zernike phase contrast optics, which provides enhanced imaging of low atomic number materials like carbon that normally have very low X-ray absorption contrast. The nano-CT data was analyzed using a combination of commercial CT data analysis software (Avizo Fire, FEI Visualization Sciences Group, Burlington, MA) and custom Matlab codes (Mathworks, Natick, MA).
Model Development
Two-Dimensional PEFC Model
The hierarchical electrode model was integrated within a fuel cell model framework we have previously used for modeling PEFCs with conventional Pt/C electrodes (6) . The model is implemented in a commercial finite element software package (COMSOL Multiphysics v4.3, Comsol, Inc., Burlington, MA). As Figure 2 depicts, the model geometry was specified across the channel and land cross-section and includes the anode and cathode sides. The physics and equations incorporated into the model include:
• Multi-phase (gas and liquid) viscous transport via Darcy's law with saturation corrected permeabilities for each phase. Phase change is modeled with sufficiently high mass transfer coefficients to achieve phase equilibrium.
• Oxygen and water vapor gas diffusion and advection with saturation corrected diffusivities as well as Knudsen diffusion corrections in the electrode and microporous layer (MPL) domains.
• Electron conduction is modeled in all domains except the membrane.
• Proton conduction is modeled in the membrane and catalyst layers (CLs) using an empirical relationship for Nafion conductivity.
• Conductive heat transfer with spatially distributed reaction, latent (phase change), and Joule heating • Dissolved water transport in Nafion (diffusion and electro-osmotic drag) is considered in the membrane and electrodes. Empirical mass transfer coefficients are used to compute the exchange of water between the Nafion and gas. The ORR product is assumed to be generated in the Nafion phase.
• Hydrogen oxidation in the anode is modeled with a macro-homogeneous porous electrode model for Pt/C catalyst.
• Oxygen reduction and the transport in the cathode are modeled with hierarchical electrode model described below. Figure 2 . Cross-sectional two-dimensional PEFC modeling domain including the cathode and anode sides as well as the separated interfaces for the channels and land.
Hierarchical Electrode Model
We developed the hierarchical electrode model because of the clearly distinct feature length scales in the NPMC electrode. The three-dimensional reconstruction from the large field of view scan in Figure 3 shows the electrode structure. Within the thick (50-100 µm) electrode, there are large, dense porous domains in between large macropores; the length scale of these macro features is on the order of 1-10 µm. The structure within the dense porous domains is similar to carbon black based Pt/C electrodes with solid and pore length scales that are smaller than 500 nm (i.e., the micropores). Cross-sectional scanning electron microscope imaging with elemental mapping of these electrodes has shown thick (100-500 nm) Nafion films surrounding the large, dense porous regions.
The hierarchical model is based on modeling spatially distributed reactions in the dense, porous phase using an agglomerate model, where the large, dense porous domains are treated as the agglomerates. The transport through the electrode is modelled as parallel resistances in the micro-and macropore. In addition, the liquid water saturation is separately considered between the micro-and macropores to model the difference in water retention between the small and large pores.
Here we model the spatially-distributed ORR in the agglomerate using the agglomerate model developed by Sun et al. (4) , which considers the oxygen transport resistance through the outer Nafion film and the coupled reaction and diffusion in an idealized, spherical agglomerate that can be solved with an analytical expression. The benefit of this model is that it captures the transport resistances within the microstructure, without having to include those features explicitly in the computational model geometry.
Following from our previous work (5), we implement the agglomerate model using a distribution of agglomerate sizes extracted from nano-CT imaging. As we showed in that prior work, selecting a single, representative diameter for an agglomerate model can lead to significant error. In this work we obtain an agglomerate size distribution using a morphological separation algorithm in Avizo Fire, which breaks the domains into distinct, separable solid domains. Figure 3 shows the results of the separation operation on the large field of view image of the NPMC electrode, where Figure 3b shows the separated solids that are labeled by color. Note, that in this analysis the internal micropore structure is removed through a morphological closing operation. A distribution of effective diameters (see Figure 4 , top left plot) is obtained from the volume to surface area ratios of the labeled solids. That distribution is then used in specifying the ORR for the ensemble of agglomerates using the same weighted summation formula presented by Epting and Litster (5). and high resolution (bottom) CT scans of the hierarchical non-PGM electrode. The large field of view size distributions were generated after performing morphological closing operations to remove internal features (pores smaller than 500 nm), which are better resolved by the high resolution scan.
In addition to the diameter distribution, other important inputs to the agglomerate model are the volumetric ORR activity and the effective O 2 diffusion coefficient in the agglomerates. In prior work using this agglomerate model (4, 5) , the volumetric activity is commonly implemented based on the Pt surface area specific exchange current density for a Pt|Nafion interface and the volumetric surface area of Pt within the agglomerates. For NPMC agglomerates, we introduce a volumetric activity that represents the active site activity and the volumetric number density of active sites.
The effective oxygen diffusion coefficient within the agglomerates is obtained from pore-scale simulations of gas diffusion in the micropores as imaged and reconstructed from the high resolution scan of the agglomerates. Litster et al. (7) report the details of this approach as it was previously applied to Pt/C electrodes. In this approach, the local diffusion coefficient in the pores is corrected for Knudsen diffusion using the Bosanquet formulation that model the diffusion process as a series of molecular and Knudsen diffusion. In the diffusion simulations the diffusion coefficient is locally specified in the pores as a function of the local pore diameter (based maximum inscribed sphere diameter). The bottom right plot of Figure 4 shows the distribution of micropore diameters within the agglomerate and Figure 5 presents a representative 3D image of the diffusion coefficient distribution. It is important to incorporate this distribution of diffusion coefficients as the restricted diffusion rates in the smaller pores increases the effective tortuosity. The diffusion is simulated via the Laplace equation in COMSOL and the effective diffusion coefficient, formation factor, and tortuosity are extracted from the integrated flux. Figure 5 presents one realization of the diffusion simulations including the 3D concentration distribution and the associated tortuous path lines. In the PEFC model, the agglomerate diffusion coefficients used are an ensemble average of those modeled at the pore scale for several sub-volumes within the imaged sample. Figure 5 . Estimation of effective diffusion coefficients using pore-scale diffusion simulations (right). Local diffusion coefficients within the pores (left) are computed based on local pore diameter using a Bosanquet formulation to include Knudsen diffusion.
Similar to the diffusion coefficient estimation for the micropores, the macropore diffusion coefficient for the macropores that support the diffusion through the macroscale thickness of the electrode is estimated from the nano-CT large field of view scans. However, for these larger pores, Knudsen diffusion is neglected. Figure 4 (top right) presents the pore size distribution in the macro pores, where the local pore diameters are typically in the range of 2-6 µm.
Given the low temperature operation of PEFCs and the thick NPMC electrodes, it is important that PEFC models with NPMC cathodes include liquid water accumulation and transport. Here we model liquid water transport using Darcy's Law, which equates the local water flux with the gradient in liquid water pressure using a permeability corrected for the liquid water saturation (8) . The single phase permeability was estimated from the Carman-Kozeny relationship (8) ; in the future these could be obtained from pore-scale viscous flow simulations, similar to the diffusivity estimations. The local saturation is computed using water retention curves that relate the saturation to the capillary pressure. The capillary pressure is defined for PEFCs with mostly hydrophobic media as the liquid pressure minus the gas pressure. Thus, under sub-saturated conditions, the capillary pressure is positive in hydrophobic media and negative in hydrophilic media. Here we use van Genuchten water retention curves for the NPMC electrode, which are extracted from log-normal pore size distribution fits to the micro-and macropore size distributions (see Figure 4) . This approach to fitting van Genuchten curves was reported by Zenyuk et al. (9) . Figure 6 presents the capillary pressure curves for the micro-and macropores separately, where it has been assumed the pores are coated with hydrophilic Nafion. It is observed in this plot that at a given saturation, the capillary pressure is more than an order of magnitude less positive micropores because they are smaller and capillary pressure scales with the inverse of pore diameter. Thus, water will preferentially fill the micropores before filling the macropores (assuming both are hydrophilic). The MPL and gas diffusion layer (GDL) are modeled using Leverett J-functions for hydrophobic media. Figure 6 . Water retention curves for the micropores and macropores in the electrode. The curves are generated using the van Genuchten water retention correlation based on fitting a log-normal distribution to the nano-CT characterized pores size distributions. The capillary pressure is defined here as the non-wetting phase pressure minus the wetting phase pressure (i.e., p gas -p liquid in the hydrophilic catalyst layer). The irreducible gas saturation is assumed to be 0.1. Figure 6 is that for any saturation below 0.9, the capillary pressure is negative. However, for liquid water to penetrate into the highly hydrophobic MPL (or even large, more wettable cracks in the MPL), the liquid pressure must be greater than the gas pressure and the capillary pressure is then positive (9) . However, a discontinuity in the liquid pressure at the electrode interface with the MPL is not physical. Thus, assuming all the electrode pores are hydrophilic, the water retention characteristics show that the electrode must be fully saturated besides the volume of the irreducible gas saturation and the water must be additionally pressurized to pump it through the MPL. The irreducible gas saturation is the remaining pore volume fraction of gas after the maximum possible amount of water has been imbibed. However, it is not always necessary for the electrode to be saturated to remove liquid water across the MPL, as water can be removed via evaporation from the cathode and subsequent condensation in the GDL if there is an adequate temperature drop from the cathode to the GDL (10). In addition, the electrode will not fully saturate if there are sufficient hydrophilic pores in the electrode that would arise from incomplete Nafion coverage in the electrode.
An important feature of
Results and Discussion
Here we present an initial set of simulation results using the hierarchical electrode model for a cyanamide-polyaniline based NPMC cathode with a thickness of 85 µm. For these simulations, we have considered a PEFC assembly using conventional GDLs, MPLs, and anode electrode. The membrane is specified as a thick, Nafion 115 membrane. The gases are fully-humidified air and hydrogen at absolute pressures of 1.5 atm. The cell temperature is specified at the land interface boundary as 80 o C. For these simulations, a relatively high volumetric ORR activity was specified in order to evaluate the impact of transport through thick NPMC cathodes. Figure 7 shows the polarization curve from the PEFC simulation along with the IRcorrected version. The polarization curve is quite linear, with small but evident non-linear activation and mass transport effects at the low and high current densities, respectively. The straight line, linear curve would normally suggest a large Ohmic resistance. However, the IR-corrected curve shows that the high frequency resistance is quite small. The IRcorrected curve is corrected in the model based on the resistances outside of the catalyst layer, including the membrane and diffusion media. We now investigate the origin of the Ohmic characteristic in the polarization curve by observing the spatial distributions of various property variables in the two-dimensional PEFC domain. Figure 8 presents the water saturation, oxygen concentration, Nafion phase electric potential (versus the anode terminal), and the ORR current density. In the water saturation plot, we can see that phase change water transport between the cathode and GDL is not sufficient in this scenario and liquid water accumulates until the pores are fully saturated up to the irreducible gas saturation. Thus, the water becomes pressurized above the gas pressure such that it is driven through the MPL at low saturation. Because of the high saturation, the oxygen transport is highly restricted in the cathode and, as the oxygen distribution shows, nearly all oxygen is completed consumed within the first 10 µm of the cathode. The plot of the ORR current density distribution shows the impact of the limited oxygen transport on the reaction, where the current is primarily generated at the MPL interface and the rest of the NPMC cathode is significantly under-utilized. Figure 8 . Two-dimensional distributions of for the 0.3 V operating point in Figure 7 . The plots include those of liquid water saturation, oxygen concentration, Nafion electric potential, and volumetric ORR current density. The distributions show the through-plane transport of oxygen in the cathode is restricted by a large accumulation of liquid water, which concentrates the ORR reaction at the interface with MPL under the channel and results in a large Ohmic potential drop through the cathode. Figure 8 also presents the electric potential in the Nafion electrolyte phase within the membrane electrode assembly, including the electrodes and membrane. The potential drop through the membrane is just below 100 mV, which is consistent with the difference between polarization curve and the IR-corrected curve in Figure 7 . However, it is apparent in this plot of electric potential that there is a large potential drop (150 mV) through the cathode under the channel area where the current is highest. In other words, since the ORR is concentrated at the MPL interface, a majority of the cathode thickness is behaving as an additional, high resistance, in -active membrane. There is precedence for this behavior in thick PEFC electrodes. In our prior work using microstructured electrode scaffold diagnostics (11), we performed in-situ measurements of Nafion electric potential across the thickness of thick Pt/C PEFC cathodes. We observed similar Ohmic polarization curves with fully-humidified gases and measured a linear potential drop through the cathode, which indicates a reaction concentrated at the MPL interface. Note, this Ohmic drop is not apparent in high frequency resistance measurements since the entire electrode is capacitively shorted at high frequency. In addition to this large Ohmic loss, there are significant mass transport losses due to the flooded electrode, including the liquid water saturated micropores within the agglomerates and the thick Nafion films (500 nm in this case). For comparison, a single-phase simulation (zero water saturation everywhere) yielded a high limiting current density of 1.8 A/cm 2 .
Conclusions
This paper has presented the development of a model for PEFCs featuring NPMC cathodes with a hierarchical structure. Particular focus has been given to the development of a hierarchical electrode model with the morphological model input parameters extracted from nano-CT imaging and analysis. The key finding from the initial modeling results is the significant effects of thick, hydrophilic cathodes on the transport losses. The transport losses manifest themselves in multiple ways. First, accumulated water restricts oxygen transport within the flooded pores of the agglomerates. Second, the flooded macropores hinder the transport through the thickness of the electrode, concentrating the reaction near the MPL. Finally, the concentration of the reaction near the MPL results in high proton current through most of the cathode until it is consumed near the MPL and yields a large enhancement of the electrode-level Ohmic loss. A key assumption in the present model is that all the pores of the cathode are coated with Nafion and are hydrophilic. However, there may very likely be some hydrophobic pore surfaces that will prevent complete flooding until high currents. Finally, these results suggest introducing hydrophobic domains into NPMC cathodes could significantly improve their performance.
